Abstract Two calculation methods on the partition functions for diatomic molecules in plasmas out of thermal equilibrium are reported. A Boltzmann distribution for the electronic, vibrational and rotational quantum levels is assumed in the two calculation methods. The results obtained by two methods are displayed for four sorts of diatomic molecules, O2, N2, OH and NO, that are present in humid air plasmas. The calculation method of density for the electronically excited states is developed. Finally, a method to calculate the partition functions for simulating the non-normalized diatomic spectra is discussed.
Introduction
The application of air plasma alone and in contact with liquids such as specific water or tap water has been extended in the last decade, for example, in environmental industries [1] . This kind of plasma is mainly out of thermal equilibrium and sometimes out of chemical equilibrium [1] . Discharge with a non-metallic liquid electrode can be considered at chemical equilibrium but out of thermal equilibrium [1, 2] . One of the diagnostic methods to analyse this kind of discharge is the optical emission spectroscopy [1, 3] . In this method, the density of the electronically excited level is a significant parameter, especially when the spectra are calibrated in absolute intensity. To calculate the density of the electronically excited level, the partition function and the concentration of the considered chemical species must be taken into account. For the spectral line transition corresponding to vibrational and rotational transition, the population of these quantum levels (vibration and rotation) has to be known. When the distribution on the various energy levels is known, the calculation of the synthetic emission spectra in absolute intensity can be performed [2,4∼6] . At thermal equilibrium the calculation can be made by assuming a Boltzmann distribution through the calculation of the partition functions [6∼9] at the temperature T .
When the different energy levels is not distributed according to the same temperature, three internal temperatures can be introduced for diatomic molecules, namely the rotation, vibration and electronic excitation temperatures (T rot , T vib , T exc ). These temperatures correspond to the temperatures obtained if a Boltzmann distribution is assumed for the quantum levels. For plasmas in thermal disequilibrium, the internal temperatures take different values. They stabilize themselves either towards the translational temperature of heavy species (T tr h ) or towards that of electrons (T tr e ), or else towards an intermediate value. Under these conditions, we define a coefficient θ that represents the thermal disequilibrium. θ is the ratio of the translational temperature of electrons to that of heavy species. In plasmas generated with a constant pressure, the rotational temperature is often related to the translational temperature of heavy species and the excitation temperature with that of electron translation (T rot = T tr h and T exc = T tr e ) [9, 10] . A vibrational nonequilibrium θ vib may also be introduced; it is the ratio of the vibrational temperature to the rotational temperature.
Independent of the debatable calculation of the concentration in the plasma out of thermal equilibrium [11∼14] , the calculation of the internal partition function is not unique. ANDRE [15] proposed to separate the internal partition function into three terms. AUBRETON et al. [16] proposed to make a product of series to express the partition function, with a method of taking all the quantum levels into account. It is assumed in this paper that all the rotational levels of each vibrational level are distributed at the same rotational temperature T rot and likewise for all the vibrational levels of each excitation level at the same vibrational temperature T vib . All of the excitation level population is distributed at the same excitation temperature [4, 5, 15] . So it is interesting and primordial to test and discuss the influence of the internal calculation method on the population of excited electronic state for a diatomic molecule. The results are shown for four molecules, N 2 , O 2 , NO and OH, involved in air plasmas containing some amount of water [1, 3] . They are widely used in optical emission spectroscopic diagnostics in a plasma at thermal equilibrium [4, 5, 17] .
Nomenclature
A quantum state is noted for the molecule (e, v, J): each electronic state (e) is degenerated into vibrational levels (v) that are degenerated into rotational levels marked by the J quantum number. The notation used are N : the total density of a species, N e : the density of the electronic state e, g e : the statistic weight of the electronic level e; g e = (2S + 1)(2 − δ 0,Λ ), 
Partition function
The complete partition function is written as follows, when all the levels in a molecule, namely electronic, vibrational and rotational, are taken into account [4, 5, 7, 15] :
It should be noted that the rotational levels are distributed at T rot for all the (e, v) states. Similarly, the vibrational levels are distributed at T vib for all e electronic states and, finally, the electronic states are distributed at T exc . For a given molecule, the partition function depends on these three temperatures. To determine the plasma composition, it was proposed to rewrite the internal partition function [10, 15] . The rotational and vibrational states are taken into account for the ground state only. For the excited electronic states, only the energy levels with v = 0 and J = 0 are considered. The following relation is then used to determine the internal partition function [2, 9, 20] . 0  253  178  194  213  236  219  222  102  1  248  174  189  210  232  216  218  86  2  244  169  185  206  229  212  214  70  3  241  164  180  202  226  209  210  53  4  237  160  176  199  223  205  207  33  5  233  156  171  195  220  202  203  6  229  151  167  192  217  199  200  7  226  147  163  188  214  195 153  20  177  82  98  140  174  150  150  21  173  76  92  136  171  146  146  22  169  70  85  132  168  142  142  23  166  63  78  127  164  139  138  24  162  57  70  123  161  135  134  25  158  49  62  119  158  131  130  26  154  41  52  114  154  127  126  27  149  32  39  109  151  122  122  28  145  20  21  105  147  118  118  29  141  100  144  114  114  30  137  95  140  109  109  31  132  89  136  105  105  32  128  84  132  100  100  33  124  78  128  95  95  34  119  72  124  90  90  35  114  65  120  84  85  36  109  58  116  78  79  37  104  51  112  72  74  38  99  42  107  66  67  39  94  31  102  59  61  40  89  15  97  50  54  41  83  92  41  45  42  77  87  29  36  43  70  81  8  23  44  64  76  45  56  69  46  48  62  47  38  55  48  26  46  49  35  50 21 In Fig. 1 , the partition function is shown as a function of the electronic excitation temperature T exc . One can remark that for T exc below 7,000 K, the internal partition function is in agreement for N 2 , NO and O 2 , and is not the case for OH molecules. As a matter of fact, in the expression of the internal partition function Eq. (2), the excited electronic states are disregarded. Depending on the structure of some molecules, this approximation is not valid even at low temperatures. Indeed, the first electronic excited state may be as close, in energy, as to the ground state, and hence, the vibrational and rotational distribution of this state cannot be disregarded. For instance, this is the case of an OH radical. It should be noticed in Fig. 1 that the deviation in the internal partition function for the OH molecule from Eqs. (2) and (1) appears with an excitation temperature above 2,000 K. For a more accurate method, namely, Eq. (1), some values of the partition function are listed in Table 9 for different disequilibria. (1) and (2) for the four molecules and according to the thermal disequilibria Fig.2 Ratio between the concentration of the excited state, obtained from Eq. (3) and that obtained from Eq. (4), as a function of the excitation temperature, according to the thermal disequilibrium for the four molecules Table 9 . Values of partition functions are obtained from Eq. (1) for different disequilibria. The first value corresponds to (θ = θ vib = 1), the second to (θ = θ vib = 2), the third to (θ = θ vib = 3) and the last to (θ = 3, θ vib = 2 
Boltzmann distribution
To calculate the molecular spectra emitted in absolute intensity, it is necessary to know the concentration of the emitting state. This state is characterized by three quantum numbers (e, v, J). In order to calculate the concentration of this state, a Boltzmann distribution is considered to be achieved on electronic levels at T exc , on vibrational levels at T vib and, finally, on rotational levels at T rot .
Therefore, in order to determine the concentration of an excited electronic state, the following relation is used [4, 5, 21] :
with Z int (T exc , T vib , T rot ) the internal partition function.
The population of the excited state N e is distributed in the vibrational states of this electronic state, as well as on the rotational levels of each vibration level.
Similar to the developments used for atoms, the density of an electronic state e, based on the total density, is given by [20] :
In this approach, each electronic state is considered as a whole without taking into account the degeneracy of each electronic state of the molecule. The major molecular systems emitted by humid air plasma are as follows [4] : The considered concentration ratio of the excited electronic states between two methods, Eqs. (3) and (4), as a function of T exc for the same total concentration N of the molecule, are shown in Fig. 2 . The results show that the deviation between Eqs. (4) and (3) may be significant even in the case of thermal equilibrium (θ = 1). Therefore, calculation errors in the concentration of the electronically excited state lead to important uncertainties on the absolute intensity of an emission spectrum. The determination of N e needs a consideration of the fine structure of the molecule using Eq. (1) for the internal partition function.
Conclusion
Two methods to calculate internal partition function are presented. The larger the energy gap between the ground state and the first excited electronic level is, the more significant the difference between both studied formulations is at a high excitation temperature. To obtain a systematic method for the partition function calculation, all the energy levels of the molecule must be taken into account at high temperatures. This method assumes that all the rotational levels of each vibrational level are distributed at the same rotational temperature T rot , that all the vibrational levels of each excitational level are distributed at the same vibrationnal temperature T vib and that all the excitational levels are distributed at the same excitation temperature T exc .
According to the temperature range and disequilibria between the internal temperatures, deviations in the concentration of electronic excited species may become very important. These deviations may lead to a significant consequence for the synthesis of molecular spectra, especially for their absolute intensity. To determine the population of the emitting state it is preferable to take all the quantum states' levels into account to calculate the internal partition function. All tables with all necessary data have been given (energies static weight etc.) to allow readers to reproduce the calculation.
